Following recent reports of ribosomal protein L3 mutations in laboratory-derived linezolid-resistant (LZD r ) Staphylococcus aureus, we investigated whether similar mutations were present in LZD r staphylococci of clinical origin. Sequence analysis of a variety of LZD r isolates revealed two L3 mutations, ⌬Ser145 (S. aureus NRS127) and Ala157Arg (Staphylococcus epidermidis 1653059), both occurring proximal to the oxazolidinone binding site in the peptidyl transferase center. The oxazolidinone torezolid maintained a >8-fold potency advantage over linezolid for both strains.
Oxazolidinone resistance in clinical staphylococci is most often associated with mutations in 23S rRNA domain V, in particular G2576T (Escherichia coli numbering) (24, 30) . Other 23S rRNA mutations, such as G2447T, until recently (19) were strictly associated with laboratory-derived strains (28) . Methylation of 23S rRNA (A2503) by the horizontally transmitted Cfr methyltransferase also confers resistance to linezolid (LZD) as well as phenicols, lincosamides, pleuromutilins, and streptogramin A (12, 29) . Incidences of LZD resistance in strains lacking 23S rRNA mutations or the cfr gene have prompted analysis of other structural components of the ribosome which may have the potential to influence oxazolidinone binding.
A number of 50S large-subunit ribosomal proteins have regions which interact closely with the oxazolidinone binding site in the peptidyl transferase center (PTC), most notably L3 and L4. In rare cases, mutations in L4 have been implicated in LZD nonsusceptibility in clinical Streptococcus pneumoniae isolates (32) and in laboratory-derived Staphylococcus aureus strains (17) . Mutations in L3 have typically been associated with resistance to pleuromutilins (whose binding site overlaps with that of oxazolidinones in the PTC) such as tiamulin (TIA) and retapamulin (1, 2, 8, 13, 20, 22) . However, we recently described a variety of L3 mutations in S. aureus following in vitro selection with oxazolidinones LZD and torezolid (TR-700) (17) a novel oxazolidinone with enhanced potency against a broad range of gram-positive pathogens, including strains resistant to LZD (11, 14, 26, 27 collection, Chantilly, VA), previously reported as having an unknown, non-23S rRNA-based resistance mechanism (27) .
(Portions of this work were presented at the 49th Interscience Conference on Antimicrobial Agents and Chemotherapy [16] , San Francisco, CA, 12 to 15 September 2009.)
Chromosomal DNA was isolated, and PCR amplification of the six S. aureus rrn alleles was performed as previously described (17, 21) . The 3Ј portions of S. epidermidis 23S rRNA genes were amplified using the VdomainF primer in conjunction with 23S rRNA allele-specific downstream flanking reverse primers (Se_rrlA-FR) designed using the S. epidermidis RP62A genome sequence (GenBank accession no. NC_002976) ( Table 1) . Genes encoding ribosomal proteins L3 (rplC), L4 (rplD), and L22 (rplV) were amplified as a single amplicon (ϳ3.3 kb) from (Table 1) . S. aureus NRS127 possessed a ⌬T433-to-T435 mutation in rplC, resulting in a novel ⌬Ser145 deletion in L3 (Table 2 ). Contrary to a recent report of a G2447T mutation in an NRS127 isolate (LZD MIC, 1.5 g/ml) (7), but consistent with previous sequence analysis (D. Shinabarger and G. Zurenko, unpublished data) of NRS127 (LZD MIC, 8 g/ml) (27), we did not detect domain V mutations in any of the six 23S rRNA alleles. S. epidermidis 1653059 possessed G469A and C470G mutations in rplC, leading to an Ala157Arg substitution in L3 (Table 2 ). In addition, this strain possessed five copies of G2447T (we were unable to amplify allele no. 2, rrlB), a 23S rRNA gene mutation previously only associated with laboratory-derived LZD r strains (Table 2 ) (28). Similar coupling of G2447T and L3 mutations was observed in our previous in vitro LZD serial passage studies with S. aureus ATCC 29213 (G2447T and L3 Gly152Asp) (17) .
MICs were determined via broth microdilution (CLSI) (4) for TR-700 (Trius Therapeutics, Inc., San Diego, CA), LZD (ChemPacific Corp., Baltimore, MD), TIA (Wako Pure Chemical Industries, Ltd., Richmond, VA), chloramphenicol (SigmaAldrich Corp., St. Louis, MO), and vancomycin (Sigma-Aldrich Corp., St. Louis, MO) as previously described (17) . Crossresistance was observed between TR-700 and LZD; however, TR-700 maintained 8-and 16-fold potency advantages over LZD for strains NRS127 and 1653059, respectively (Table 2) . Although there are no isogenic, wild-type comparators for these strains, S. aureus ATCC 29213 and S. epidermidis ATCC 12228 generate LZD and TR-700 MICs representative of these species (Table 2) , in line with previously published MIC 90 determinations for methicillin-resistant S. aureus (4 versus 0.5 g/ml, respectively) and MRSE (2 versus 0.5 g/ml, respectively) isolates (26) . In addition, both isolates had elevated
FIG. 1. Structural analysis of ribosomal mutations in clinical LZD
r strains. Mutations of ribosomal protein L3 (⌬Ser145 and Ala157Arg) and 23S rRNA (G2447U) are shown in red. A PTC-bound LZD molecule is shown in salmon. 23S rRNA bases A2503 (site of methylation by Cfr), 2504 to 2506 (key residues lining the oxazolidinone binding site in the PTC), and ribosomal protein L4 are shown for reference. Images were generated with PyMOL (6), using the coordinates of the D. radiodurans LZD-bound 50S subunit (31) . In the D. radiodurans L3 protein, residue 157 (staphylococcal numbering) is an arginine that interacts with the sugar-phosphate backbone between G2505 and U2506. Although the identity of this residue varies across species, it maintains a similar orientation with respect to G2505/U2506 in the disparate orthologs for which crystal structures exist (D. radiodurans, Haloarcula marismortui, and E. coli). b Ribosomal protein L3 mutations (staphylococcal numbering) are reported for the gene (rplC) and protein (L3), respectively. S. epidermidis 1653059 additionally possessed five copies of the G2447T 23S rRNA mutation (E. coli numbering).
c MIC determinations (broth microdilution) were performed for the indicated drugs. CHL, chloramphenicol; VAN, vancomycin.
MICs for TIA, consistent with previous associations of L3 mutations with resistance to pleuromutilins. We investigated the potential mechanistic rationale behind Ala157Arg and ⌬Ser145 mutations contributing to oxazolidinone resistance through analysis of the Deinococcus radiodurans LZD-bound 50S crystal structure (Protein Data Bank accession code 3DLL) (Fig. 1) (31) . Sequence alignments showed that the regions of the 50S subunit discussed in this study are highly conserved, so the structural rationales proposed on the basis of the D. radiodurans model would be expected to hold for S. aureus and other species. Both L3 mutations involve residues within a central extension of the protein that projects toward the PTC. Mutation of Ala157 (Asn149 in E. coli) has been implicated in resistance to pleuromutilins (22) . Although the identity of this residue is not conserved, this residue is located adjacent to critical bases of the PTC (including G2505 and U2506) that are involved in LZD binding, and perturbations at this position would be expected to affect LZD susceptibility (5, 31) . The coupled 23S rRNA mutation G2447U, which directly interacts with U2504 (5), could be synergistic with Ala157Arg due to its simultaneous perturbation this same set of key bases of the PTC. This is the first report of the ⌬Ser145 mutation; however, we have observed this mutation in a laboratory-derived LZD r S. aureus strain (16) , and a mutation in the adjacent amino acid (Gly144Asp) has been associated with pleuromutilin resistance (13) . Unlike Ala157, Ser145 does not directly interact with bases lining the PTC; thus, the mechanism of resistance is less clear (Fig. 1) .
Earlier work documenting LZD resistance in clinical isolates has focused on mutations in 23S rRNA domain V, largely G2576T. This study and a growing number of other reports (7, 17, 32) show that oxazolidinone resistance mechanisms are not limited to 23S rRNA mutations. L3 mutations, in addition to some recently described oxazolidinone resistance determinants, including inactivation of an endogenous ribosomal methyltransferase and enhanced drug efflux (7), may help to explain some of the numerous reports of LZD r strains with unknown resistance mechanisms (3, 9, 10, 15, 25) .
Expanding knowledge of oxazolidinone resistance mechanisms and increasing incidences of clinical LZD r isolates underscore the need for novel oxazolidinones with activity against resistant strains. This study highlights the clinical relevance of L3 mutations and demonstrates the enhanced potency of TR-700 against an additional class of mutation-associated LZD resistance in staphylococci.
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